Recently, what on earth is the faithful ground state of the spin-1/2 honeycomb Γ antiferromagnet (HCΓA) has caused drastic debates. To eliminate such controversy, we propose a choreographed model by introducing a bond-modulated Heisenberg interaction (J) in addition to the Γ term. By varying the angular parameter ϑ = atan(Γ/J) in [0, π], we demonstrate that the classical ground state of this model changes from a zigzag order to a stripy order, through a mixed phase and a noncoplanar phase. In the quantum case, we resort to the density-matrix renormalization group method to calculate the ground-state properties and find a gapless quantum spin liquid (QSL) phase when 0.50 ≤ ϑ/π 0.66(1). It turns out that the ground state of the HCΓA, corresponding to ϑ = π/2 in the phase diagram, belongs to the gapless QSL phase. Our findings are further verified by scanning the variable parameter ϑ on a long but finite cylinder. arXiv:1910.01562v1 [cond-mat.str-el] 
Introduction. -The ongoing search for exotic magnetic states in highly frustrated antiferromagnets [1] [2] [3] [4] has been extended to a new class of correlated materials with two-dimensional (2D) honeycomb lattice [5] [6] [7] and its high-dimensional variants [8] . It is suggested [9] that the bond-dependent magnetic interactions [10] could be realized in the strongly spin-orbit coupled Mott insulators within the aforementioned lattice geometry. The Kitaev interaction [11] , in particular, is such an anisotropic one, and the ground state of the corresponding model is the Kitaev quantum spin liquid (QSL) which hosts fractionalized Majorana fermions and flux excitations. Physical realization of the Kitaev interaction in real materials was first proposed in iridates [12] [13] [14] , and then turned toward ruthenium trichloride α-RuCl 3 in which Ru 3+ ions are arranged in a honeycomb lattice and carry effective spin-1/2 particles [5] [6] [7] . Although α-RuCl 3 displays longrange zigzag magnetic order at low temperature [15] [16] [17] [18] [19] [20] [21] , it has been argued to be proximate to the Kitaev QSL because of its broad continuum of magnetic excitations identified in Raman scattering [22, 23] and inelastic neutron scattering [6, 7, [24] [25] [26] .
Despite a flood of attentions have been attracted by the Kitaev interaction [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , it is undeniable that a sizable antiferromagnetic (AFM) off-diagonal symmetric Γ interaction is also of vital importance to α-RuCl 3 as well as other materials (see ref. [38] and references therein) and thus should be considered on an equal footing [39] [40] [41] [42] [43] [44] [45] . Interestingly, it is shown that the Γ interaction itself may be responsible for the strongly anisotropic responses to the magnetic field observed in α-RuCl 3 [38, 46] . The two models severally show somewhat similarity on the temperature dependence of the specific heat where two pronounced peaks are observed at T l and T h and a plateau in the thermal entropy could be spotted in between [47, 49] .
In contract to the Kitaev model on the honeycomb lattice, the pure Γ model is not exactly solvable but the phenomenal resemblance and a highly degenerate manifold in its classical ground state [48] render people to believe that its quantum ground state may also be a QSL [49] . The quantum order-by-disorder mechanism, however, suggests that while the system remains highly frustrated even at T l 0.03Γ [49] , it will eventually order at a energy scale that is much lower than T l [48] . As a result, in the numerical calculations considerable attentions should be paid to this issue due to the formidable battle among various possible competing states. Unfortunately, existing numerical works have already led to contradictory conclusions on the nature of the ground state of the honeycomb Γ antiferromagnet (HCΓA). On one hand, the parallel works by exact diagonalization of small cluster with 24 sites in total [50] and densitymatrix renormalization group (DMRG) study of narrow infinite cylinder with a three-unit-cell circumference [51] both claim that the ground state is a magnetically disordered phase. A scenario of QSL phase with a hidden flux long-range order was unwittingly argued to be a strong candidate for low-temperature state [52] . On the other hand, recent variational Monte Carlo simulation argues that it is preferably a zigzag order [53] .
In this letter, we employ the 2D DMRG method [54, 55] to explore the nature of the spin-1/2 HCΓA. We demonstrate that the quantum ground state of this model is a gapless QSL. We arrive at this conclusion by studying a choreographed model which consists of the Γ term and bond-modulated Heisenberg interaction. We find a QSL phase with vanishing energy gap sandwiched between two magnetically ordered states. Remarkably, we show that the HCΓA locates at the leftmost boundary of this gapless QSL phase which is separate from a zigzag phase by a first-order phase transition. (a) Illustration of an XC6 cylinder on a honeycomb lattice. The phase factor ηij along the horizontal bonds (black) is +1, while it is −1 for the bonds (gray) along the so-called zigzag direction. The inset zooms in one hexagon showing NN interaction of X (blue), Y (green), and Z (red) bonds. (b) First and second Brillouin zones of a honeycomb lattice. (c) and (d) show two classical magnetically ordered states dubbed zigzag order and stripy order, respectively. The zigzag order can be described as ferromagnetic zigzag chains coupled antiferromagnetically. The stripe order, inversely, is formed by antiferromagnetic zigzag chains with ferromagnetic coupling. (e) A noncoplanar phase with a unit cell of 4 × 2.
Model. -The model is a nearest-neighbor (NN) Γ model with a bond-modulated Heisenberg term (J). Its Hamiltonian is of the following form
where S γ i (γ = x, y, and z) is the γ-component of spin-1/2 operator at site i, and α and β are the two other bonds on a honeycomb lattice. Throughout the following, J and Γ are parameterized using ϑ so as to J =J cos ϑ and Γ =J sin ϑ (J = 1 is the energy unit hereafter). ϑ ∈ [0, π] such that Γ ≥ 0 and J could be either ferromagnetic or antiferromagnetic. The phase factor η ij = 1 for the bond ij along the horizontal direction and equals to −1 otherwise (see Fig. 1(a) ). We first unveil the classical phase diagram of Eq. (1) by the parallel tempering Monte Carlo (PTMC) method [56, 57] . After that we perform large-scale 2D DMRG simulations to study its quantum version. In the latter case, the cylindrical boundary condition (CBC) on XCn clusters of L x × L y with fixed aspect ratio L x /L y = 2 is used unless stated otherwise. Here, XCn means a cylinder where one set of hexagons' edges parallel to the x direction, and n (= L y /a) spins are weaved periodically along the circumferential zigzag columns [58, 59] . Due to the zigzag edge of the cylinders, we shall only consider even circumferences n ranging from 4 to 10 lattice spacing (a = 1). N = L x L y is the total number of spins. We keep up to m = 3000 states in our simulations and perform about 12 sweeps so as to ensure that the typical truncation error is smaller than 10 −6 . Classical phase diagram. -We firstly give a glance of the classical phase diagram before referring to the quantum effect. Classically, the ground states of the model (1) with ϑ/π equaling to 0.0, 0.5, and 1.0, are zigzag order (see Fig. 1 (c)), classical spin liquid with macroscopically degeneracy [48] , and stripy order (see Fig. 1(d) ), respectively. Due to the lack of C 6 rotational symmetry in Eq. (1), the other two zigzag orders with different spin orientations are not equivalent to the one shown in Fig. 1 (c) (see the Supplemental Material (SM) for detail [60] ). In order to avoid confusion, we reserve the terminology of zigzag order for the spin pattern presented in Fig. 1(c) , and call the other two as twining zigzag orders. Such a nomenclature also holds for the stripy order. Generally, whether there is a direct transition between the zigzag and stripy phases or not is unclear a priori. To unentangle the mystery, we turn to the PTMC simulation to target the ground state [56, 57] . The simulation is performed on three XC clusters of 16 × 16, 24 × 24, and 32 × 32 under toroidal boundary condition. The final ground-state energy per site (i.e., in unit of N S 2 ) e g is shown in Fig. 2 . It could be spotted that it is not a direct transition but undergoes an extensive intermediate region between the two ordered phases with energies e zigzag g = −(2Γ + 3J)/2 and e stripy g = −(Γ − 3J)/2, respectively. The intermediate region is dominated by a so-called mixed phase in which the AFM order and the two twining zigzag orders are degenerate with energy e mixed g = −(2Γ − J)/2 [60] . Therefore, the transition between the zigzag phase and mixed phase takes place exactly at ϑ t,l /π = 1/2. Interestingly, there is no direct transition between the mixed phase and the stripy phase expected to occur at ϑ t,r /π = 1 − 1 π atan 2 ≈ 0.6476.
Instead, an unexpected noncoplanar (NCP) phase appears in a rather narrow region (the window of ϑ/π is less than 0.02, see inset of Fig. 2 ). Such a NCP phase can have many degenerate manifolds whose unit cells contain dozens of sites [60] . For the specific configuration shown in Fig. 1 (e), its ordering wavevector is Q = (π/3, 0) and its energy is e NCP
As can be seen from Fig. 2 , the PTMC result agrees well with the exact one. All the transitions are of first order because of the kinks in the energy curve.
Intermediate gapless QSL phase. -It has been firmly established that the quantum ground state of Eq. (1) is a zigzag order [61] or stripy order [62] in the limiting cases where ϑ/π = 0 or 1, respectively. Although both phases break translational symmetry, they possess different symmetries in that the former owns C 2 rotational symmetry while the latter has mirror symmetry. According to Landau's theory, we would expect that the transition between the zigzag phase and the stripy phase is of first order, if it occurs. However, due to the interplay between Heisenberg and Γ interactions, the direct transition is forbidden, leading to an intermediate phase whose ground-state energy per site e g = E g /N has an inconspicuous change versus ϑ (see Fig. 3(a) ). Surprisingly, as shown in the inset, the energy e g at ϑ/π = 0.5 exhibits a nonmonotonic fall with the increasing of circumference n because of the overwhelming subnormal energy for n = 6. Such a nonmonotonic behavior is also discussed in a recent work [53] . We mention here that this phenomenon is observed only in the quantum case and does not exist in its classical analogy [60] . By the linear extrapolation of energy e g with the two largest sizes, we find that the energy at ϑ/π = 0.5 is approximately e g = −0.3542 (3) , which is only slightly lower than that of n = 6. Therefore, were the counterintuitive phenomenon not seriously considered, a misleading conclusion would be arrived at when the system size is not large enough. The energy e g has two forceful downwarping, leading to two well-marked kinks. The kinks in the energy curve are signals of first-order phase transitions. In Fig. 3 (b) we show the evolution of two lowest excitation gaps, ∆ 1,2 = E 1,2 − E g , the energy difference between the first/second excited states E 1,2 and the ground state E g . Due to the two nonequivalent sites in one unit cell, both the zigzag and stripy phases have two-fold degeneracy. Therefore, ∆ 1 should vanish while ∆ 2 is finite. When approaching the two separate transition points, ∆ 2 decreases, and finally vanishes in the intermediate phase.
Besides, the von Neumann entropy in this phase is much larger than that in the gapped phases, and it increases with the total size [60] . In particular, we do not detect the other intermediate phase as compared to the classical situation in our precision and resolution. All together, we could safely arrive at the conclusion that there is a gapless intermediate phase when ϑ t,l /π ≤ ϑ/π ≤ ϑ t,r /π with ϑ t,l /π 0.50 and ϑ t,r /π = 0.66 (1) . Interestingly, both ϑ t,l and ϑ t,r agree with their classical counterparts. Now we turn to measure the magnetic order by calculating the static magnetic structure factors (SMSF),
. The order parameter is thus characterized by M N (Q) = S N (Q)/N with Q being the corresponding ordering wavevector. As can be seen from Fig. 4(a) , when varying ϑ/π from 0 to 1, we find that the order parameters in both zigzag and stripy orders show nonmonotonic behaviors and they exhibit maxima at ϑ/π ≈ 0.25 and 0.75, respectively. This suggests that the magnetic orders are most stable when Γ term is approximately of equal strength to the Heisenberg interaction. Away from those points, the quantum fluctuations are enhanced and novel phase may possibly appear. This is indeed observed in M N (Q) as we show in Fig. 4(a) . In the intermediate region, the magnetic order is dramatically suppressed. It decreases with the increasing of circumference n. After a careful inspection of the finite-size effect (see Fig. 4 (b) and Fig. 4(c) ), it approaches zero in the thermodynamic limit (TDL), indicating that the intermediate phase is a magnetically disordered phase. Moreover, we check the magnetic order at ϑ/π = 0.5 carefully (see Fig. 4(b) ) and a linear extrapolation of the raw data gives us M ≈ −0.0065 at infinite size. However, such magnetic order could be corrected to M 0.0000(2) if we ignore the data at n = 6. The energy e g at this cluster is close to that in the TDL (see Fig. 3 ) and there is no wonder that it has a smaller magnetic order and thus deviates slightly from the scaling line. Again, our results do not support two intermediate phases discussed in the classical phase diagram. We refer to the argument for a similar anisotropic model on triangular lattice which is proposed for the QSL candidate YbMgGaO 4 [3] . Whereas a so-called multi-Q phase exists between two magnetically ordered phases [63] in the classical phase diagram, extensive DMRG calculations do not detect its trail in the quantum model, but instead suggest a direct first-order phase transition [64, 65] . The quantum phase diagram of the bond-modulated spin-1/2 J-Γ model is shown in Fig. 5 . There is a zigzag phase for ϑ < ϑ t,l , a stripy phase for ϑ > ϑ t,r , and a gapless QSL phase sandwiched between the two with ϑ t,l /π 0.50 and ϑ t,r /π = 0.66 (1) . We emphasize here that a gapless QSL phase is found in a quite large region between ϑ t,l and ϑ t,r with ϑ t,r − ϑ t,l ≈ π/6. The transitions between the QSL phase and the zigzag/stripy phases are both of first order, which can be inferred either from the kinks in the energy curve (see Fig. 3(a) ) or from the jumps in the magnetic order parameters (see Fig. 4(a) ). The selected contour plots of the SMSF for the three phases are shown in Fig. 5(a) -(c). While the zigzag and stripy phases peak at M and M points, respectively, the magnetic order at ϑ/π = 0.50 is dramatically suppressed. Interestingly, a subleading peak locating at X point in the Brillouin zone appears. This peak could be enhanced by negative third-NN interaction [60] .
Pinning the magnetic orders. -We resort to a complementary technique proposed recently by Zhu et. al. [58] to provide further evidence for the QSL phase in Eq. (1).
zigzag
QSL stripy Unlike in the conventional CBC where all the parameters are fixed, the spirit of the method is that the control parameter ϑ is varied in x direction of the cylinder, and thus local spin patterns provide a reliable visual display of existing phases [58, 65] . This method is born to detect the intermediate disordered phase sandwiched between two magnetically ordered phases and has been successfully applied to several different models [58, 65, 66] . Generally, the length of the cylinder should not be too small so as to release the magnetic order in the middle region. we adopt a fixed aspect ratio L x /L y = 6, which could be explained as a triplet assembly of the conventional geometry. The range of the varied parameter is also of vital importance to minimize the ineluctable proximity effect, and the best choice for us is ϑ min /π = 49/120 and ϑ max /π = 91/120. Within this interval, we take a 0.01π increment for two successive columns. The pinning fields which are consistent with the zigzag and stripy orders are applied to the spins at the leftmost and rightmost columns, respectively [60] . We present the visual display of the spin configuration on the long cylinder of L y = 6 in Fig. 6 . the spin patterns evolve smoothly from a zigzag order to a stripy order. Remarkably, a plausible disordered phase with amorphous orientation of spins appears in the middle. Fig. 7 shows the local ordered moment S tot . Because of the pinning fields utilized, the moments shows an artificial upwarping at the boundaries. The x and y components have a almost equal magnitude all the way while the z component in the stripy phase is disordered. The total order in the middle is rather weak and we use a threshold value of S tot ≈ 0.10 as the upper limit of the disordered phase for the current system size [58, 65] . Interestingly, the rough phase boundaries of the disordered phase (0.50 ≤ ϑ/π 0.65) are fairly consistent with those obtained in previous DMRG calculations. It should be noted that whereas the pinning order at ϑ/π = 0.50 is not small enough, we would expect a rapid decay if FIG. 6: For a long XC cylinder of 36 × 6, we vary ϑ/π with position, from ϑmin/π = 49/120 on the left edge to ϑmax/π = 91/120 on the right edge. We also apply pinning magnetic fields along all the three spin directions on the left (right) edge to favor the classical zigzag (stripy) order. The length of the arrow represents local measurement of Stot = Sx 2 + Sy 2 + Sz 2 , and an intermediate disordered phase without the shadow is revealed to sandwich between the two. Summary. -To conclude, we have studied the phase diagram of a bond-modulated spin-1/2 J-Γ model on a honeycomb lattice. We find that, apart from zigzag and stripy magnetically ordered phases, there are still two intermediate phases but with dramatically different interval ranges in the classical phase diagram. In the quantum case, a gapless QSL phase emerges between the zigzag phase and the stripy phase. It is separated from its two neighbors by first-order phase transitions, and the ground state of the HCΓA happens to locate at its leftmost side. Our results thus clarify the momentous controversy on the HCΓA model and provide a significant guidance to further theoretical studies on the generic anisotropic model on a honeycomb lattice as well as to unveil the microscopic Hamiltonian that could describe the Kitaev material α-RuCl 3 .
Acknowledgements-We thank S. Hu for fruitful discussions during the collaboration on related topics. We also thank M. Gohlke The ground state of the classical Γ model is known to be the classical spin liquid [1] . For the model (1) considered in the main text, it locates at the transition point between the zigzag phase and the mixed phase. Because of the two-sublattice (say {S a } and {S b }) nature of the adjacent phases, the classical spins that contribute to the ground-state manifolds should only satisfy the condition that half of them are parallel to S a while the rest are parallel to S b , regardless of the positions. Therefore, the degeneracy of the ground state is of the order O 2 N / √ N where N is the total number of spins. The typical static magnetic structure factor (SMSF) is shown in Fig. sm-1 , which is featureless as expected. As shown in the main text, the ground-state energy per site (i.e., in unit of N S 2 ) e g is exactly −1. To study how does the energy at finite size evolve toward infinite size, we calculate the classical energy at different sizes. Here, both cylindrical boundary condition (CBC) and toroidal boundary condition (TBC) are utilized but with different aspect ratio L x /L y , which is 2 for the former and 1 for the latter. It could be observed in Fig. sm-2 that the energy e g does not show any finite-size effect under TBC, while it obeys a linear scaling law under CBC. In the thermodynamic limt, it is −1 for both cases. 
The zigzag and stripy phases
In this part we will go into the zigzag and stripy phases shown in Fig. 1 of the main text. The zigzag order can be described as ferromagnetic zigzag chains coupled antiferromagnetically. The stripe order, on the contrary, is formed by antiferromagnetic zigzag chains with ferromagnetic coupling. Both phases could be divided into two sublattices with opposite spins. The classical spin, which is an O(3) vector, can be written as
where θ i ∈ [0, π) and φ i ∈ [0, 2π) are respectively the polar and azimuthal angles at site i. Suppose that one sublattice has the angles (θ, φ), then the other sublattice has the angles (π − θ, π + φ). The three bonds (i.e., X, Y, and Z bonds) have different contributions to the total energy and should be considered separately. After adding up all the terms, we find that the energies per site in the two phases are
and e stripy
where an auxiliary function F(θ, φ) is introduced naturally. It is worth mentioning that whereas Γ is always nonnegative, the Heisenberg interaction J is positive (negative) in the zigzag (stripy) phase. The explicit form of the function is
Its maximum is 2 with (θ, φ) = (π − atan( √ 2), π/4) or (θ, φ) = (atan( √ 2), 5π/4) and its mimimum is −1, see Fig. sm The classical energy of the zigzag phase is e zigzag g = −(2Γ + 3J)/2, and the angles of the spins are either (θ, φ) = (π−atan( √ 2), π/4) or (θ, φ) = (atan( √ 2), 5π/4). Interestingly, the three components of the spin vector have an equal strength of √ 3/3. The energy of the stripy phase is e stripy g = −(Γ − 3J)/2, and the angles satisfy the restriction Eq. (sm-5). Since there are infinite solutions to Eq. (sm-5) which span in a certain locus as shown in Fig. sm-3 , we conclude that there is an emergent continuous symmetry in the classical stripy phase.
The mixed AFM-twining zigzag phase
Due to the bond-modulated η ij (±1) term, the underlying honeycomb lattice does not posses C 6 rotational symmetry. Therefore, the intuition that the zigzag order has three degenerate configurations is not correct here. We find that the other two twining zigzag orders (see Fig. sm-4(b) and (c)) have higher energy than the zigzag order (see Fig. 1 (c) of the main text) when ϑ/π ∈ [0, 1/2). When ϑ/π is slightly larger than 1/2, the twining zigzag orders overcome the latter and become the ground state. Interestingly, the AFM order (see Fig. sm-4(a) ) has the same energy and contributes to the degenerate manifolds. Moreover, due to the two nonequivalent sites per unit cell, each configuration is two-fold degenerate. Consequently, we conclude that the mixed phase has six-fold degenerate ground states. The energy of the mixed phase is given by
Since the translation of φ by π does not change the magnitude of the function F(θ, φ), we then obtain e mixed g = −(2Γ − J)/2 with (θ, φ) = (atan( √ 2), π/4) or (θ, φ) = (π − atan( √ 2), 5π/4).
The noncoplanar phase
In addition to the zigzag phase, the stripy phase, and the mixed phase discussed above, there is a noncoplanar (NCP) phase consisting two kinds of spins (or four if we consider that two of them are anti-parallel to their partners) which are neither (anti-)parallel nor perpendicular in the classical phase diagram. Suppose that the angles of one kind of the spins are (θ, φ), then they are (θ + π/2, φ + π) for the other. Namely, S a = S (sin θ cos φ, sin θ sin φ, cos θ) S b = −S (cos θ cos φ, cos θ sin φ, sin θ)
.
(sm-7)
One of the configurations of the spins is shown in Fig. sm-5(a) . The optimal angles could be obtained by minimizing the classical energy e NCP g = J sin 2θ + Γ 4 cos 2θ sin 2φ − 2(sin φ + cos φ) .
(sm-8)
For example, if θ = 3π/4 − ψ 0 /2 and φ = π/4 where ψ 0 = atan Γ 4J , we have the classical energy
(sm-9)
We also note that the angles between the two kinds of spins are −ψ 0 or its supplementary angle π + ψ 0 . Since ψ 0 is ϑ-dependent, the polar angle θ also varies with ϑ.
The fascinating character of the NCP phase is that it may also possess other ground states with larger unit cell. For example, we find such a ground state whose unit cell has 64 lattice sites, see Fig. sm-5(b) . 
ENTROPY OF THE QUANTUM MODEL
The von Neumann entropy (vNE) S, which is frequently used to characterize different phases, is readily available because the lattice is intrisically divided into two parts, say s and e, in our DMRG simulations. Therefore, S = −Tr(ρ s ln ρ s ) where the reduced density matrix ρ s = Tr e |ψ ψ| is obtained by tracing out the degrees of freedom of e. We present our results in Fig. sm-6 where three XC clusters of 12 × 6, 16 × 8, and 20 × 10 are included. It shows that the vNE in the gapped zigzag and stripy phases are lower than that in the intermediate phase. Besides, with the increasing of the total sites S in the intermediate phase increases. This agrees with our conclusion that the intermediate phase is gapless. 
ROLE OF THIRD-NN INTERACTION
Recent ab initio calculations on α-RuCl 3 have highlighted the role played by the third-NN Heisenberg interaction J 3 i,j S i · S j . It is shown that even a tiny antiferromagnetic J 3 can enhance the zigzag magnetic order [2] . This physical virtue has already been examined in other theoretical models where competing interactions could lift the degeneracy of the pure J 3 model and give rise to the zigzag order. To verify such conclusions we study the Γ-J 3 model to explore the effect of the J 3 term. We find that in the phase diagram the HCΓA is indeed adjacent to the zigzag phase but separated by a transition. Fig. sm-7 shows the evolution of the magnetic orders versus J 3 in a rather wide region. It could be found that the ferromagnetic and antiferromagnetic J 3 model tend to select the FM phase and zigzag phase, respectively, as the ground state with the perturbation of antiferromagnetic Γ term. Between the two, the maximum of M N (Q) appears at X point of the Brillouin zone (see Fig. 1 of the main text). At J 3 = 0, M N (Q) at M becomes comparable to that at X. However, as can be seen from the inset which shows the first derivative of M N (M) versus J 3 , the peak locates at a tiny but nonzero J 3,t ≈ 0.075. This provides further evidence that the ground state of the HCΓA, in which J 3 is zero, is not the zigzag order. 
IDEAS ON THE LONG CYLINDER
To carry out the DMRG calculations on the long cylinder, there are two apparent issues that should be settled when compared to the traditional DMRG construction. On one hand, proper pinning fields should be applied to the edge spins. To accelerate the convergence as well as to induce meaningful pinning orders, we shall apply pinning fields of order O(1) and fix the directions of the three components as they appear in their classical counterparts. On the other hand, the driven interactions should vary with the position, from the left to the right. In our current model, we fix the interactions at the leftmost and rightmost boundaries, say ϑ min /π = 49/120 and ϑ max /π = 91/120. The interactions inside will vary according to a presupposed protocol, which could be merely the linear rule. Because we only consider the nearest-neighbor interactions J and Γ along the three bonds, we can distinguish the zigzag (X and Y) bonds to the horizontal (Z) bond so as the make the variation of ϑ be more smooth. The variation of ϑ with position is illustrated in Fig. sm-8 , and for each ϑ-index shown in the bottom, we have the current value ϑ x = ϑ min + x · δϑ where δϑ = (ϑ max − ϑ min )/[2(L x − 1)] = 0.005π in our case. This is to say that there is a 0.01π increment for the two successive columns ranging from 0 to L x − 1. 
